Rapeseed is widely used to produce biodiesel, especially in Europe. In several studies, it has been shown that there is a good potential for growing this crop across the continent. However there is still little awareness that the energy efficiency of biofuel production from rapeseed is very low. Energy efficiency can be expressed in terms of Energy Return for Energy Invested (EROEI). We mapped EROEI values for all EU countries plus Switzerland based on expected yields derived from rapeseed suitability maps. We find that EU countries produce rapeseed biofuel with EROEI values of 2.2 and lower. We suggest that plans for biofuel cropping have to be supplemented by maps of EROEI. It is not only relevant to show where rapeseed can be grown, but we should also look at where its use for bioenergy can be efficient. In the area theoretically suitable for growing rainfed rapeseed (excluding unsuitable areas and water), 37.6% of the area can produce rape methyl ester (RME) biofuel only with an energy loss. We conclude that the energy efficiency of rapeseed biodiesel is low and spatially heterogeneous, and unless there are major technological improvements in the production process, replacing fossil fuels by biofuels from rapeseed is hardly a feasible option.
Introduction
Energy is the driving force for economic development [1] . So far, fossil fuels (e.g. petroleum, coal etc.) are the main source of energy. Most of the advances in livelihoods and life quality that we enjoy today can be traced back to the abundant and cheap supply of fossil fuels that humanity has been enjoying over the past century. However, the present continuous reliance on fossil fuels becomes risky for several reasons. First and foremost, this resource is nonrenewable and, currently its consumption is by far faster than its rate of formation, and even discovery. As reserves shrink, extracting fossil fuels becomes more difficult and expensive, and eventually will be cost inefficient. There are also environmental and human costs involved in extraction and production of fossil fuels. Besides, fossil fuel consumption produces greenhouse gases (GHG), which have been clearly shown to be a major driver of climate change globally [2, 3] . According to some estimates, 80% of the remaining fossil fuel should stay in the ground if we are to avoid extreme consequences of climate change [4] . Moreover, much of the remaining fossil fuels are contained in and have to be imported from politically unstable countries, making supply unreliable [5] . These problems draw our attention to the search for alternative energy sources [6] , out of which biofuel energy looks like a promising one. Compared to fossil fuels, alternative energy sources in general and biofuels in particular bear much promise in terms of lower environmental impacts, improved energy security and less socio-economic externalities [7e14] .
Biofuels are derived from plants, and can be used directly for heat, electricity production or converted to liquid fuel [15] . This latter use makes them especially attractive as a substitute for energy in transportation, which currently predominantly relies on liquid fossil fuels. Currently biomass fuels are the only alternative to liquid fossil fuels [18, 19] , and, they can be used in unmodified conventional diesel-engines as in the case of FischereTropsch (FT) biodiesel [20] . Worldwide corn, wheat, barley, sugarcane, rapeseed, oil palm, soybean, sugar beet, potato, sunflower [15e17], etc. are used for biofuel production. The European Union was the world leader in biodiesel and third in biofuel production in 2005 [7] . Out of the total of 10.2 billion liters of biodiesel produced worldwide in 2007, 60% was produced in the EU, where rapeseed is the major oil crop [7, 16, 25] accounting for more than half of the production [26] . In 2008, 79% of all biodiesel feedstock crops in Europe was rapeseed [16] and it was cultivated in most European countries [27, 28] .
The increasing demand for energy in general and the growing role of biofuels in meeting this demand makes it especially important to understand all the implications and consequences of biofuel production [24] . A major controversy is that biofuel production relies on the same crops that can be used for food production [7, 21] . For example, biodiesel is mainly produced from vegetable oils such as rapeseed oil, sunflower seed oil, soybean oil, all of which can be also used in the food chain [12, 21] . Growing demand for biofuels may increase food prices and has direct impact on land use and biodiversity [6,11,13,14,22e24] . Another major concern is the overall efficiency of biofuel production [29] . Agricultural systems vary in energy inputs and outputs. Different agroecological areas have different agronomic practices [10, 30] and are influenced by different biophysical factors [31] . This in turn influences the efficiency of biomass production. Obviously, studying the energy efficiency of a biofuel production system under different agro-ecological and agricultural practices plays a vital role in selecting and optimizing the technology in each type of environment and understanding the overall viability of the biofuel future.
Production of energy from bio-resources is a function of land, labor, water, raw materials, etc. [35] , which adds a strong spatial component to the process. Production has to occur on vast areas of land in various agro-ecological conditions [39] . There were previous attempts to present the spatial variability of rapeseed production in Europe [40] . Land suitability and potential yield of rapeseed was mapped on a 1 km grid base across Europe. In our study we expand these results by studying the efficiency of biofuel production and accounting for the energy input and output factors.
A widely used efficiency indicator of the energy production process is the energy return on energy investment (EROEI), which is calculated from the following equation [33e37]:
where E out is the amount of energy produced, and E in e the amount of energy used in production. Clearly, an EROEI value of close to one or less makes production thermodynamically meaningless as much or even more energy is needed for energy production than what is produced [38] . According to some estimates, a minimum EROEI of 3 should be achieved to make sure that the energy production is economically, environmentally and socially acceptable [34] . This is to compensate for numerous externalities involved in the process (land and water quality degradation, pollution, etc.), which are hard to express in energy values and fully account for in the EROEI calculations. There have been previously some concerns raised about the overall energy efficiency of biofuel production. For example, energy efficiency for corn ethanol for the entire US on county level (for yield) and state level (for fertilizers and irrigation) showed EROEI values ranging spatially from 0.87 to 1.27 [29] . In this paper we produce a spatial analysis of rapeseed energy production efficiency for Europe and show where it makes most sense to produce biodiesel from rapeseed and where it should be discouraged.
We largely base our results on a previous study of rapeseed EROEI [30] . In that study a computational input/output model was developed to determine energy production efficiency of the rapeseed biofuel production process comparing different farming systems. Interviews with Dutch farmers, conducted during that study also indicated that farmers do not care much for which purposes the crop is used. They will sell to a buyer from the food industry as well as to an energy producer or to any other buyer as long as they receive a good price for the product. The energy efficiency in the crop production stage is, therefore, not really much different for the various uses of the rapeseed oil. Therefore we assume that all areas are evaluated for their potential in producing rapeseed biofuel and to make clear where in Europe this may be energetically beneficial and where not.
Extending previous research on spatial variability of rapeseed production in Europe [40] , we map the EROEI of this process to find that using this crop for bioenergy purposes also raises some concerns in terms of efficiency. We focus on biofuel production from winter rapeseed, which is the most abundant crop type due to a higher achievable crop yield compared to summer rapeseed. It is also more popular because having a crop with a high level of ground coverage on the land during winter reduces soil erosion and is considered more ecologically friendly [41] .
Materials and methods
Mapping EROEI was carried out for the twenty-seven current member countries of the European Union and Switzerland. The approach was to combine a Life Cycle Inventory (LCI) based EROEI model and yield maps (derived from a suitability map) with longterm yield assessment. The underlying assumption is that the yield of rapeseed very much determines the energy production efficiency and varies with different agro-ecological conditions for the same production inputs. For our analysis, we use three major sources of information.
The Global Agro-Ecological Zones (GAEZ) project, a collaborative effort between the Food and Agricultural Organization of the United Nations (FAO) and the International Institute for Applied System Analysis (IIASA), has produced suitability maps for rain-fed oil crops for the whole of Europe. The GAEZ suitability map defines the percentage of the maximum attainable yield that can be expected for a given location based on the agro-ecological and climatic conditions there [40] . We combined the GAEZ suitability map with a computational input/output model that was based on Life Cycle Inventory and farmer interviews conducted in Poland and the Netherlands [30] . A previous paper by Firrisa et al. [30] describes in detail all inputs, outputs, assumptions and conversion factors used in this analysis. An important input parameter in the calculation model is the yield. By interpreting the suitability classes in terms of expected yields and linking them to the computational model described in Ref. [30] here we have produced energy efficiency maps for Europe. Next, we used FAO data on rapeseed production for the last 50 years [42] to validate and compare the results that came from the suitability analysis, and to refine the energy estimates based on country-specific conditions. We then used the map of rapeseed production in the Netherlands obtained from the Dutch Ministry of Agriculture [43] to zoom into country-specific conditions in the Netherlands.
The Global Agro-Ecological Zones (GAEZ) model utilized a land resources inventory to assess feasible agricultural land use options and to quantify expected yield resulting from cropping activities. The approach took into account specific agro-ecological contexts for well-specified management conditions and levels of inputs. The characterization of land resources included components of climate, soils and landform, which are basic for the supply of water, energy, nutrients and physical support to plants. The GAEZ suitability maps are based on a half-degree latitude/longitude world climate data set, 5-min soils data derived from the digital version of the FAO Soil Map of the World, the 30 arc-seconds Global Land Cover Characteristics Database, and a 30 arc-seconds digital elevation data set [44] . The resulting suitability map has eight suitability classes and a ninth class "water".
After downloading the global suitability map for rainfed rapeseed [44] , further processing and analysis followed in a Geographical Information System. The map was clipped to the extent of Europe using imported shape files of countries [45] and polygonized for further processing. All maps were reprojected to the continental European projection system (ETRS 1989 using the Lambert Azimuthal Equal Area projection available in ArcGIS). Intersecting the suitability map with individual country areas enabled extracting the area per suitability class in each country. We validated the numbers at the start of the analysis by comparing for each country the total land area taken from the country maps with the country sizes given on the EU website. On the average the difference was 0.28% with the largest difference of around 1% for France and Bulgaria. It was expected that the course resolution of the GAEZ suitability map would introduce inaccuracies in land areas. Therefore we performed another evaluation of the land area after intersecting the country maps with the suitability map. Large landlocked countries hardly suffered from land loss due to intersecting the maps. Malta, however, could not be reliably mapped with the GAEZ scheme as 24% of the area of this small island in the Mediterranean was lost due to the intersection. Mild impact of land loss due to intersection was observed for countries with relatively long coastlines (Denmark 8.5%, Cyprus 6.8, Ireland 5.0, UK 4.8 and the Netherlands 3.5%). For our purpose the quality of the map resulting from the intersection was however sufficient for further analysis.
The suitability map was converted into a yield map by taking the maximum attainable yield (MAY) and multiplying it by the suitability index. Instead of using ranges (like in GAEZ) we took the average of the maximum and minimum values. In the GAEZ model, MAY for rapeseed was given for different levels of inputs in terms of fertilizers, chemicals and cultivation practices, such as periods under fallow. The idea was to look at sustainable MAYs, which are those which can be sustained over long periods of time, so that agricultural use does not destroy soil fertility and does not result in land degradation. For temperate environments under rainfed conditions, the GAEZ study included three levels of MAY (Table 1 ) [44] . Basically this means that higher MAYs require more input of fertilizers and other agricultural efforts to make sure that the yields are not destroying soil fertility. Note that the MAYs here are significantly lower than the maximal yield of 5.2 t/ha reported by FAO for Luxembourg in 1980 [42] . While being higher, that yield probably cannot be considered as sustainable. So we did not use this MAY further in our analyses.
The Global Agro-Ecological Zones (GAEZ) project converted the rapeseed yield map to present the biofuel energy potential. However, only the output energy was calculated in their study with no account of the 'cost' of production of this energy. In our study, we moved the analysis further by also considering energy inputs that are required to produce rapeseed and then the products into to produce energy. We applied the computational model of Firrisa et al. [30] to calculate the EROEI values for the different suitability classes under high, medium and low input using the MAY values of Table 1 . The following energy flows were taken into account in the model (all energy inputs and outputs at farm level were expressed as energy (in mega joule per hectare)).
Inputs
Cultivation Energy: The amount of energy in the form of diesel fuel used for driving the tractor and operating the machinery to cultivate the land multiplied by the energy content of diesel. Fertilizer Production Energy: The energy required for the production of the three major mineral fertilizers: nitrogen, phosphorus and potassium multiplied by the quantities of fertilizers. When raw manure was used as a substitute for mineral fertilizers, we assumed its energy production costs to be zero as manure can be seen as waste or side product. Crop Protection Energy: The energy required for production of insecticides, herbicides and fungicides multiplied by an energy conversion factor and quantities used by farmers. Transportation Energy: The energy required for round trips between the farm house and field and from the field to the processing site multiplied by the energy content of diesel. Feedstock Production Energy: The total energy required to produce the per-hectare feedstock and deliver it to the biofuel processing plant. Conversion energy: The energy for extraction, refining and RME production is dependent on the rapeseed yield and amount of biodiesel produced from it.
Outputs
Energy output in the form of biodiesel or RME: The proportion of biodiesel with the same energy content as 1.00 kg of fossil diesel multiplied by the energy conversion factor of fossil fuel diesel. The by-and waste products considered in the calculation were rapeseed straw, meal (cake), and glycerin. Leaving straw, roots and empty pods after harvesting the seeds on the land causes an assumed reduction in the use of fertilizers. There is an average value used in many Life Cycle Assessments and it assumes that the amount of straw that becomes available as fertilizer is not dependent upon yield. The real energy content of rapeseed meal is unknown and, therefore, calculations are based on substituting rapeseed meal with another animal feedstock with a known energy value and an equal price. The energy production in the form of glycerin is seen as a percentage of the total energy requirements to produce biodiesel.
The problem with yield-based EROEI calculations is that the same yield can be obtained from highly suitable lands under lower maximum attainable yield (MAY) values as from less suitable lands but with higher MAY values. In the latter case, more fertilizers and more pesticides need to be used, which translates into higher energy investments. The actual conversion of rapeseed to biodiesel involves a more or less standard procedure and can be expected to have the same energy requirements over the whole of Europe. But we also need to account for the variability of conditions under which rapeseed is grown. Since we have insufficient information about what actual input farmers provide we started with simulating and comparing three EROEI maps that illustrate rapeseed biofuel production under standardized high, medium and low input levels over Europe.
Then, we took the FAO reports on rapeseed productivity in European countries and compared three scenarios under which: 1. Rapeseed production is uniformly distributed across all suitability classes, or 2. Rapeseed production only takes place in the 4 highest suitability classes, or 3. Only the 3 highest suitability classes are used for rapeseed production.
The comparison of the productivity calculated across Europe (based on the reclassified GAEZ data and the different MAYs from Table 1 ) with actual productivities reported by FAO was done as follows:
For a given MAY value, based on the suitability map, the countrywide average yield was calculated by taking all the cells in a particular country. Yield was calculated in each of the cells according to their suitability, was summed up and divided them by the area of the country.
Results were compared to the results that FAO reports for rapeseed productivity in different European countries [42] . A similar procedure was followed when calculating EROEI values for the scenarios where rapeseed was grown in the four or three highest suitability classes. But then the yields of the four or three most suitable classes were summed up and divided by the total area of the four or three highest suitability classes.
The last step was zooming into the rapeseed production patterns in the Netherlands, where we actually know where rapeseed is grown. The rapeseed field areas of 2009 [43] were intersected with the polygonized GAEZ suitability map [44, 45] . Areas per class were extracted and compared with the FAO data. The FAO reported 2600 ha harvested area of rapeseed for the Netherlands in 2009. Since we came to a somewhat lower number we looked in more detail at the datasets. The field data from the Ministry of Agriculture included winter and summer rapeseed (2452 ha vs. 168 ha respectively). The computational model of Firrisa et al. [30] used for previous analysis was developed for winter rapeseed. After including this correction the two datasets matched closely.
Results
Main input for the analysis was the amount of land available in the different suitability classes per country. This is presented in Table 2 . The total surface of our study area (EU þ Switzerland) was 4379 thousand km 2 of which 3043 thousand km 2 or 69.5% fell in the suitability classes 1 to 7. Class 8 (unsuitable) and 9 (water) were ignored in our research.
To map spatial distributions of energy efficiency under three different MAYs the suitability classes were translated into expected yield. These yields are provided in Table 3 .
The yield values from Table 3 were translated into energy input, energy output and EROEI values based on the computational model of Firrisa et al. [30] . These are shown in Table 4 . Also the percentage of land available per suitability class in the study area is indicated. From Table 4 it can be observed that, not Table 2 Area sizes of rapeseed suitability classes per country derived from intersecting individual country maps with the GAEZ suitability map [44] . All area sizes are in km 2 Fig. 1 . In the GAEZ suitability maps, we can see that rapeseed can be grown over large areas. However, our EROEI maps show that energetically it makes sense to grow it only in particular areas with at least medium input in rapeseed production. It will be hardly useful to grow rapeseed for fuel in areas with an EROEI lower than 1.5, where we are too close to losing energy in the production process. All GAEZ suitability classes 5e7 are actually located in such areas. This amounts to 54.9% of the total area theoretically suitable for rapeseed production. The majority of the areas with relatively high EROEI values are located in Germany, Poland, Lithuania, Latvia, France and Italy. However even those areas have a maximum EROEI of 2.2, which is not very high.
The next step was to validate the suitability based yields by comparing them with the FAO reports on rapeseed yields. In Fig. 2 we present country-based FAO data with the productivities calculated under the assumption that all suitability classes are used for rapeseed production (scenario 1).
In this figure we have separated the FAO data for 1960e96 and the 1996e2009 data. Interestingly during the last decade rapeseed productivity has increased by almost 30% compared to the previous three decades as can be seen in Fig. 3 . The possible factors responsible for this increase are not properly documented nor explicitly clear in such time series. But it is likely related to more efficient agricultural practices, including improved crop varieties and/or shifting rapeseed production to more suitable and fertile areas and/or using more energy for fertilizers and land cultivation. Again, we do not know to what extent this increase in productivity is associated with higher energy inputs. Are we "buying" higher yields by investing more fossil energy in the production? In that case this is hardly helpful if rapeseed is grown as an energy crop. The GAEZ estimates for MAY were for 1960e1996. Therefore, we ranked all countries according the FAO reported average yields for these years.
Also shown in Fig. 2 are the productivities calculated for all countries based on the various MAY estimates from Table 1 , and assuming that average countrywide suitability is used. Note that while the European average is somewhere in the center, most of the developed Western European countries are to the left, while most of the Eastern European countries are to the right. The actual productivity in Western Europe is consistently higher than MAY estimates, whereas the actual productivity in Eastern Europe is usually within the MAY estimates. Fig. 4 presents EROEI values for scenario 2 and 3, assuming that rapeseed production is limited to respectively the top 4 and top 3 suitability classes. Now we can see that the FAO data are quite well matched for the Western European countries, while in Eastern Europe the FAO results are significantly lower than the GAEZ average estimate.
Apparently, the GAEZ numbers and the FAO records are in better agreement if we assume that 1) in Western Europe production is skewed towards the most suitable classes; 2) in Eastern Europe production is either quite evenly distributed across various suitability classes (Fig. 4) or if it is also skewed towards the most suitable classes, than it is conducted at lower MAY ¼ 2650 kg/ha. It is only under these assumptions that we can bring the two datasets closer together. On the one hand it makes a lot of sense to assume that indeed rapeseed is currently grown in areas that are more suitable. On the other hand, the difference in productivities that we find in the FAO results (Fig. 3) seems to match the observations made by Firrisa et al. [30] who have found that in the Netherlands rapeseed production is somewhat more efficient than in Poland. Assuming production at high MAY level in countries to the left of the European average productivity in Fig. 4 and medium MAY level in countries to the right of "Europe", we can produce the map of Fig. 5 . From this map we see that under current agricultural practices, there is only about 10% of suitable land where rapeseed can be produced with an EROEI over 2 and on almost 53% of the land we are close to or effectively losing energy when producing rapeseed for biodiesel.
Looking in more detail at the Netherlands we analyzed the distribution of the actual rapeseed fields of 2009 over the GAEZ rapeseed suitability classes. This is shown in Fig. 6 . Note that the coarse resolution of the GAEZ classes causes inaccuracies when zooming in to local scale and field based analysis.
We observe that there is a high density of rapeseed fields in relatively suitable areas in the Northeast of the country. The visual interpretation is confirmed by the analysis of actual field distribution compared to what is expected based on uniform distribution overall suitability classes (Table 5) . We found that more rapeseed is produced in the higher suitability classes and less in suitability classes 6 and 7. So apparently our assumption about production skewed towards the more suitable classes holds.
Translating this into expected yields, we calculated a total yield of around 6,000, 3600 and 1400 kg, respectively, under the different MAY assumptions. The calculated yield for the highest MAY is, however, way lower than the reported 10,541 kg reported in the FAO data for 2009. Taking the long-term (1996e2009) average productivity of 3700 kg/ha for Netherlands, we get a much closer value: 8451 kg. We checked the Dutch rapeseed productivity figures and observed that 2009 was an exceptional year with much higher yields than the previous years ( Table 6 ). The average yield reported by FAO is 4620 kg/ha, which is higher than the MAY of 4400 kg/ha. 
Discussion
We have seen that the maximum EROEI (Energy Return On Energy Investment) value across Europe is found to be 2.2. Under the lowest MAY (maximum attainable yield) of 1000, energy efficiency is hardly above 1, making low-input rapeseed farming infeasible in terms of energy efficiency. The higher MAYs of 2650 and 4400 kg/ha do increase EROEI but not very substantially. EROEI values remain low: when yields are 4 times higher, EROEI only doubles. Higher MAYs are achieved by investing more in the rapeseed biofuel production process. More fertilizers, more effort in cultivation and more chemicals immediately translate into higher energy inputs. Roughly one third of Europe is unsuitable for rapeseed production; around one third of the area produces rapeseed biofuel with an energy loss and only around a third of the area in Europe falls in the top 4 suitability classes where at least no energy losses are expected from rapeseed biofuel production. These are average estimates and they can certainly be different for individual farms and locations. More detailed information about production techniques under different agro-climatic conditions could improve our estimates. But the general picture shows that efficiency of rapeseed biofuel production under existing agricultural practices and conversion technologies is too low to be a promising solution.
The EROEI distribution over Europe led to new interesting questions and hypotheses. Especially, considering the fact that many West European countries ended up on the left hand side of Figs. 2 and 4 while many East European countries are on the right hand side. Since we have no reason to assume that in the East production is deliberately confined to less suitable areas we can assume that West European countries simply have more intensive agriculture practices resulting in higher yields, while in many East European countries agricultural practices are somewhat less efficient. This is because FAO reported yields for East European countries are even lower than what we would expect based on their averaged suitability indices with MAY ¼ 4400 kg/ha (in Lithuania, Latvia, Romania). At the same time, making these comparisons is not straightforward because we do not know where exactly in countries the yield has been produced.
Theoretically limiting production to the most suitable areas immediately increases the average yields. However we should keep in mind that those most suitable areas are likely to be most suitable also for other crops, potentially creating a conflict between crop growth for food vs. for fuel. The assumptions presented as scenarios 2 and 3 are certainly realistic because according to FAO so far the total area under rapeseed is less than the total area of the top 4 or top 3 suitability classes for all countries. And doing so, Europe can potentially produce rapeseed biofuel more efficiently. However this will come at a cost of using land for producing fuels instead of supplying food. Fig. 2 . Average rapeseed productivity in different European countries ranked according to the 1960e96 averages (assuming that rapeseed production is uniformly distributed across all suitability classes with no preference e scenario 1). Fig. 3 . FAO reported yield developments for rapeseed in Europe over the last fifty years [42] . Looking into the FAO data we may hypothesize that during last decades, MAY might have been increased due to use of more productive crop varieties. The high yield of 4.6 thousand kg/ha for the Netherlands in 2009 may support this hypothesis. However, again we do not know if this MAY is sustainable or if yields were artificially pushed higher beyond the agricultural capacity, most likely at higher environmental costs. Likely, it is a bit of both. Combining information on crop varieties used by farmers linked with more detailed productivity results from test farms (linking different onfarm practices to yields of different varieties) are required to make a solid claim on this issue.
Looking into the Dutch rapeseed production areas we see that they are, as expected, mainly concentrated in the more suitable areas. It is only natural to allocate crop production first of all to areas that are best suited for that. The fact that Dutch rapeseed growers also appear to be present in areas where according to GAEZ classification they should not be present at all, may be an unsustainable situation. But it could also show that local conditions may be different from the generalized and spatially aggregated coarse suitability classification from GAEZ. Rapeseed production in the Netherlands showed in 2009 an exceptionally high productivity. This could be due to improvements in varieties used. It may also be an indication that yields are achieved in an unsustainable way by applying significant amounts of fertilizers to raise the yields beyond sustainable MAY even on marginally suitable lands, meaning that certain factors such as soil degradation, water pollution, etc. are not taken into account. It shows in any way that for full-cost accounting, we have to assume that only higher energy inputs can produce the high yields and compensate for the externalities.
Our results show that when energy efficiency is taken into account, the RME potential of Europe is significantly lower than what comes from the estimates based on biomass productivity only [40, 46] . This only shows the importance of more comprehensive LCA studies in this area, taking into account all the technological developments as well as the restrictions that are driven by land availability, environmental quality and social acceptance.
Conclusions
There is still a lot of uncertainty in how energy efficiency can be estimated across large spatial domains with much heterogeneity both in agricultural, climatic and technological practices. In terms of energy efficiency, rapeseed production does not look very promising in Europe as a source of bioenergy. Even in most favorable conditions we are seeing EROEI of 2.2 and hardly any higher. There may be some local pockets where the growing conditions are especially favorable and where EROEI values are yet higher. However it always remains a problem whether we want to use these prime agricultural lands to produce energy or food. The low energy efficiency of rapeseed biodiesel production causes further concerns, especially in the long term, bearing in mind numerous externalities associated with intensive agricultural practices, the high demands on land, high pollution and soil degradation. European countries Fig. 6 . Suitability classes in the Netherlands (based on GAEZ suitability maps [44] ) and the areas where rapeseed was really produced in 2009 (based on Ministry of Agriculture data [43] ).
Table 5
Distribution of actual and expected rapeseed production areas (in ha) in NL over lands with various suitability classes and expected yields under different input levels. may need to put more consideration to energy efficiency as one of the sustainability criteria for renewable energy production when considering their energy policies. There is probably still potential for increasing rapeseed productivity in the majority of European countries. As we have seen it has already increased quite substantially during the past decade. Better varieties, improved agricultural technology and more efficient energy use can probably further increase the energy efficiency of bioenergy production from rapeseed. EROEI values vary spatially and consideration should always be given to where and why produce rapeseed. However in most cases it is still unlikely that the gains will be substantial enough to make rapeseed a sustainable source of bioenergy in the long term. Growing rapeseed remains to be quite an energy intensive operation and requires substantial inputs of energy at all stages of the production. Keeping agriculture mostly focused on food production and using agricultural waste to produce energy delivers much higher EROEI values [32] and should be given higher priority. Alternatively, as always, finding ways to curb energy demand instead of increasing supply by all means seems to be the most promising strategy [47] .
